The purpose of this study was to evaluate whether exposure to particles induces an imbalance in 70-kDa heat shock proteins (HSP70). Since intracellularly (iHSP70) it has anti-inflammatory roles whereas extracellularly (eHSP70) it has pro-inflammatory roles, we evaluate the effect of residual oil fly ash (ROFA) exposure on eHSP70-to-iHSP70 ratio (H index), a biomarker of inflammatory status that is related to oxidative stress in plasma and lymphoid tissue. Wistar rats that received ROFA suspension for three consecutive days (750 μg) showed an increase in plasma eHSP70 levels (mainly the 72-kDa inducible form). Also, ROFA promoted alterations on plasma oxidative stress (increased protein carbonyl groups and superoxide dismutase activity, and decrease sulfhydryl groups). There was an increase in H index of the plasma/thymus with no changes in circulating leukocyte level, iHSP70, or oxidative stress markers in lymphoid tissues. Our results support the hypothesis that eHSP70 content and H index represent inflammatory and oxidative biomarkers.
Introduction
Fine particulate matter (PM 2.5 ) is considered one of the most important environmental pollutants contributing to the global human disease burden (Mehta et al. 2013) . PM 2.5 originates primarily from the combustion of fossil compounds for energy generation and transport, and is associated with progressive changes in atmospheric composition (Ghio et al. 2012) . The residue that remains after incomplete oxidation of carbon-containing compounds present in fuel is called residual oil fly ash (ROFA).
ROFA is rich in metals and significantly contributes to urban PM 2.5 (Ghio et al. 2002; Heck et al. 2015) . ROFA exposure promotes oxidative stress (OS) in experimental models (Zanchi et al. 2008 ) and triggers a cell stress response, thereby contributing to changes in immune response (Delfosse et al. 2012 (Delfosse et al. , 2015 .
The cellular stress response is essential for protecting cells and tissues against environmental stress, marked by increased expression of heat shock proteins (HSP), especially increased synthesis of 70-kDa heat shock proteins (HSP70) (Mukhopadhyay et al. 2003) . This heat shock response (HSR) involves at least 13 genes in humans which are responsible for encoding proteins of the HSP70 family, such as HSPA1A (72-kDa inducible form, also known as HSP72) and HSPA8 (73-kDa constitutive form, also known as HSP73) (De Maio 2014; Heck et al. 2011) . Intracellular HSP70 protein (iHSP70) have cytoprotective functions; however, during homeostasis-threatening situations, such as OS, many cells are able to release these proteins into the extracellular milieu (eHSP70), including lymphocytes (Heck et al. 2011 (Heck et al. , 2017 Hunter-Lavin et al. 2004; Scholer et al. 2016) .
A pro-oxidant state evokes the HSR, and consequently, increases the levels of iHSP70 in order to maintain homeostasis by avoiding the formation of toxic polypeptide aggregates that may trigger apoptosis or inflammation (Ludwig et al. 2014; Newsholme and de Bittencourt 2014) . Oxidative stress is also related to alterations in eHSP70 levels (Miragem et al. 2015) , including under PM 2.5 exposure (Gelain et al. 2011; Goettems-Fiorin et al. 2016) . In this way, systemic inflammation and OS induced by PM 2.5 in the bloodstream (Yamawaki and Iwai 2006) may be accompanied by increased plasma eHSP70 levels (Xia et al. 2017; Yang et al. 2007) , suggesting that these proteins may represent biomarkers of environmental air pollution. Extracellular HSP70 also acts as a danger signal and activates pro-inflammatory pathways associated with conditions of OS (Heck et al. 2011 (Heck et al. , 2017 . Thus, these proteins are pro-inflammatory biomarkers that reflect the activation of signaling pathways in response to environmental challenges (Bianchi 2007) . Considering that eHSP70 has a proinflammatory role and iHSP70 does the opposite, the extracellular-to-intracellular HSP70 ratio (also known as the H index of HSP70 status) has previously been related to the immune inflammatory balance (Goettems-Fiorin et al. 2016; Heck et al. 2017; Scholer et al. 2016) . As alterations in OS, eHSP70, and the H index can act as markers for the subclinical processes of tissue and systemic injury, we investigated whether ROFA exposure induces OS and an imbalance in stress-related proteins (H index).
Methods

Animals and ethics
Male Wistar rats (n = 24; 90 days old, weighing approximately 250 g) obtained from the Regional University of Northwestern State's Rio Grande do Sul (UNIJUI) were housed in plastic cages (49 × 34 × 16 cm) and maintained at a controlled temperature (23 ± 1°C) under a 12/12-h light/dark cycle (lights on at 7 a.m.). Throughout the experiments, the animals had free access to water and were fed with standard pelleted laboratory chow (NUVILAB CR-1; Nuvital Nutrients S.A., Curitiba, Brazil) ad libitum. All procedures were approved by the Committee of Animal Welfare (CEUA-UNIJUÍ, protocol no. 005/2014).
Experimental design
Animals were divided into a control group (n = 12) that received nasotropic instillation of 100 μL of saline or a ROFA group (n = 12) that received 100 μL of ROFA suspension (750 μg/100 μL; 2.5 mg/kg) once a day for three consecutive days. Rats were euthanized by decapitation 24 h after the last instillation, and blood samples were collected for eHSP70, OS, and leukogram analyses. The mesenteric lymph nodes, thymus, and spleen were collected for iHSP70 and OS analyses.
Characterization of particles
ROFA was obtained from the chimneys of a large steel plant in São Paulo, Brazil, using an electrostatic precipitator. Almost all particles had a diameter of less than 10 μm. The mean and standard deviation was 1.7 ± 2.56 μm for carbon particles and 1.2 ± 2.24 μm for transition metal particles. About 78% of carbon particles and 98% of transition metal particles had a diameter less than 2.5 μm. The elemental composition of particles in the ROFA suspension was determined by neutron activation analysis, and was found to have the following composition (ng/m 3 ): Fe 1058.9 ± 2.37, Rb 719.7 ± 1.0, Zn 491.9 ± 3.1, As 154.4 ± 0.8, Cr 107.7 ± 1.4, V 35 ± 4, Ce 16.3 ± 0.3, La 10.3 ± 0.1, Co 9.9 ± 0.25, Mn 3.8 ± 24, Sb 2.2 ± 0.9, and Br 1.5 ± 19.
Sample processing
The rats were euthanized by decapitation and whole blood was collected into EDTA tubes (2 mg/mL); then, samples were centrifuged at 1800×g for 10 min to obtain the plasma. Lymphoid tissues were surgically excised. Plasma and lymphoid tissues were frozen, and samples of lymphoid tissues were homogenized in either 0.1% sodium dodecyl sulfate solution (Western blot), potassium phosphate solution (OS assays), or 0.02 mol/L EDTA solution (tissue sulfhydryl group assay), then centrifuged at 1800×g for 10 min at room temperature. The supernatant was frozen and stored in a freezer at − 20°C. Protease inhibitors, including PMSF (100 μmol/L), leupeptin (4.2 μmol/L), aprotinin (0.31 μmol/L), TLCK (20 μmol/L), Na 3 VO 4 (1 mmol/L), Na 2 MoO 4 (1 mmol/L), and β-glicerophosphate, were added to the samples.
Determination of leukocyte content
Total leukocytes in the blood were quantified using a Neubauer chamber. The leukocyte differential count was performed using slides stained with the May-Grunwald-Giemsa method.
Protein quantification eHSP70 and iHSP70 measurements and H index
In order to examine the eHSP70 content in the plasma and iHSP70 in the mesenteric lymph nodes, thymus, and spleen, the samples were processed and submitted to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) . The amount of protein in the samples was assessed by the Bradford technique (Bradford 1976 ). An equivalent amount of protein from each tissue sample (~40 μg) and equivalent volume of plasma sample (10 μL) were mixed with Laemmli's gel loading buffer and electrophoresed in a polyacrylamide mini-gel. Proteins were transferred onto nitrocellulose membranes and for the immunoblotting procedures with mouse anti-HSP70 monoclonal antibody. HSP70 detection was performed by the enhanced chemiluminescence method and protein bands were revealed in film. Actin detection in tissues was performed by Coomassie Blue staining of the gel. All bands were photodocumented and quantified using ImageJ software (http:// imagej.nih.gov/). Full procedures details were described in Heck et al. (2017) .
The extracellular to intracellular HSP70 ratio (H index) measured in each lymphoid tissue in relation to plasma values was calculated. Then, H index was calculated as the quotient of any R R O F A = [ e H S P 7 0 ] / [ i H S P 7 0 ] b y r e s p e c t i v e R CONTROL = [eHSP70]/[iHSP70], which will be therefore considered as the unity (R CONTROL = 1.0) in each plasma/tissue relation. Thus, we considered the R ROFA /R CONTROL as the H index of each tissue (Goettems-Fiorin et al. 2016; Heck et al. 2017 ).
Protein carbonyls
Samples were incubated with 2,4-dinitrophenylhydrazine (DNPH) for 1 h, and proteins were precipitated with 3% sodium dodecyl sulfate denaturing solution; then, ethanol and hexane were added followed by vigorous shaking and centrifugation. Blanks were made for all samples, prepared according to the above description but containing hydrochloric acid solution (2 mol/L) instead of DNPH. Absorbance was measured at 370 nm and protein carbonyl groups were determined using the DNPH molar extinction coefficient (22,000 M −1 cm −1 ) (Levine et al. 1990 ).
Lipid peroxidation
Lipid peroxidation was assessed by the thiobarbituric acid reactive substance (TBARS) method (Buege and Aust 1978) . The protein in homogenates was precipitated with 10% trichloroacetic acid and centrifuged; then, the supernatant was incubated with thiobarbituric acid (Sigma Chem. Co.) for 1 h at 100°C. Afterwards, the absorbance was recorded by spectrophotometry at 535 nm using a malondialdehyde standard (Sigma).
Sulfhydryl groups
Free sulfhydryl groups in the plasma were measured by the 5′5′ dithio-bis(2-nitrobenzoic acid) (DTNB) reaction from the consequent release of 5′thio-2-nitrobenzoic acid (TNB) (Himmelfarb et al. 2000) . Aliquots of 50-μL plasma were added to 1 mL of Tris-EDTA solution (0.1 mol/L Tris and 10 mmol/L EDTA; pH 8.2), followed by the addition of 50 μL of DTNB (10 mmol/L in methanol). Blanks were made for all samples containing methanol instead of DTNB. Preparations were incubated for 15 min, and the absorbance was measured at 412 nm. The concentration was determined using the molar extinction coefficient of the TNB (14,100 M −1 cm
−1
). Aliquots of 100 μL of tissue homogenates were added to 300 μL of Tris solution (0.02 mol/L Tris; pH 8.2), 20 μL of DTNB (0.01 mol/L in methanol), and 1.58 mL of methanol. Blanks (without sample) and sample blanks (without DTNB) were prepared similarly. The final solutions were incubated for 15 min, then centrifuged at 1800×g for 15 min. Supernatant absorbance was measured at 412 nm. Total sulfhydryl groups were calculated using the DTNB molar extinction coefficient (13,100 M −1 cm −1
) (Sedlak and Lindsay 1968) .
Catalase and superoxide dismutase activities
In order to identify altered anti-oxidant enzyme activities in the plasma, we spectrophotometrically evaluated superoxide dismutase (SOD) and catalase (CAT) activities. SOD activity was measured by the inhibition of pyrogallol autooxidation, whereas CAT activity was evaluated by assessing the decomposition of hydrogen peroxide (Marklund and Marklund 1974) .
Statistical analysis
The Kolmogorov-Smirnov normality test was applied before all analyses. Values are presented as the mean and standard deviation. The Mann-Whitney test was performed to compare the nonparametric variables (HSP70, SOD, and MDA from lymph nodes, and CAT from spleen), and the Student's t test was performed to compare parametric variables (all other variables). The significance level was set at 5%.
Results
Animals exposed to ROFA showed higher total eHSP70 levels (P = 0.038; Fig. 1a ). This increase was marked by higher levels of the inducible form, HSP72 (29% increase; P = 0.042; Fig. 1b) , and not by changes in the constitutive form, HSP73 (P = 0.102; Fig. 1c ), as observed in the representative immunoblot presented in Fig. 1d . The lymphoid tissues studied (mesenteric lymph nodes, thymus, and spleen) showed no alterations in iHSP70 levels, nor in any of the OS-related variables tested (Fig. 2a-c) . The extracellular-to-intracellular HSP70 ratio (H index) was measured by the plasma/lymphoid tissue relationship. Following ROFA exposure, the H index of animals showed an increase in the plasma/thymus ratio (P = 0.036; Fig. 3b ), but there were no alterations in the plasma/spleen and plasma/lymph nodes ratios (Fig. 3a, c, respectively) .
Exposure to ROFA triggered redox imbalance in the plasma, as observed by an increased carbonyl group content (P = 0.044; Fig. 4a ) and decreased total sulfhydryl group content (P = 0.007; Fig. 4b ). ROFA exposure also promoted an imbalance in plasma anti-oxidant enzymes, as observed by increased SOD activity (P = 0.027; Fig. 4c ) but no change in CAT activity (P = 0.347; Fig. 4d) , and thus, an increased SOD/CAT ratio (P = 0.041; Fig. 4e ). However, we found no alterations in the lipid peroxidation levels of plasma samples (P = 0.910; Fig. 4f ), nor in the circulating leucocyte profile (Table 1) .
Discussion
Our study is the first to show an increase in plasma eHSP70 levels and H index (plasma/tissue HSP70 ratio) in response to a few days of air pollutant exposure. Molecular weight analysis of HSP70 isoforms in the plasma samples also revealed an increase in eHSP72, but not eHSP73 content. Thus, our data reinforces the hypothesis of eHSP72 as the major stress response component in the extracellular milieu, with eHSP72 able to act as a danger signal between immune cells under adverse conditions (Heck et al. 2017; Ludwig et al. 2014; Scholer et al. 2016 ). The evidence accumulated over the past few years has indicated that the presence of eHSP70 in plasma or serum is a coordinated biological event (De Maio 2014), stimulating many discussions regarding the role of these proteins as signaling molecules and biomarkers. Although increased eHSP70 levels have been reported under adverse conditions, including environmental exposure (Goettems-Fiorin et al. 2016; Kido et al. 2011; Ye et al. 2014) , our study reports the acute aspects of HSR and OS under an environmental pollution challenge. Regarding environmental pollution extrapolation, in our study, we used three consecutive days of particle exposure in rats based on two aspects. First, we try to represent an urban risk condition. Since there is a high probability of the next day being polluted when the previous day was polluted (Mohamad et al. 2018) , the polluted days may reach 200 days in a year (Wang et al. 2018) . The formation of severe air pollution episodes is closely linked with the high emissions and secondary particle formation associated with unfavorable and stagnant meteorological conditions (e.g., when the daily wind speed is less than 3.2 m s −1 , and there is no precipitation), representing an insufficient condition to disperse accumulated air pollutants (Wang et al. 2018 ). Thus, it is possible to observe that less than a half of pollution episodes have a 1-day duration only and that 2-3 days of recurrence of the polluted days represents one third of polluted days (Mohamad et al. 2018) . Second, 3 days of ROFA exposure have been used as a toxicological protocol in different studies to investigate subacute inhalation toxicity, which means adverse effects occurring as a result of the repeated daily exposure of experimental animals to a chemical by inhalation for part of a life span (less than 10%) (as defined by the United States Environmental Protection Agency; https://www.epa. gov/). Also, this protocol has been used to investigate potential effects of particles regarding clinical and subclinical outcomes as mortality, impaired cardiovascular function, and increased oxidative stress damage (Killingsworth et al. 1997; Kodavanti et al. 1999) .
Our data show a redox imbalance in the plasma that occurs concomitant with increasing levels of eHSP70. Intracellular HSP70 has previously been described to recognize redox changes and act to defend against cellular OS (Kalmar and Greensmith 2009; Miragem et al. 2015) . In the same way, extracellular OS appears to be related to an increase in eHSP70 levels (Gelain et al. 2011) , possibly to protect the components of the extracellular milieu from oxidative damage (Franco et al. 2016) . The innate immune response, which recognizes, binds, and internalizes potential harmful particles by phagocytosis, is characterized by a dramatic increase in the production of reactive oxygen and nitrogen species. Thus, the innate immune response and HSP70 present two-way signaling in which the oxidative state produced by phagocytic cells induces HSR, which then induces iHSP70 synthesis to protect the immune system against OS and to facilitate phagocytosis. The HSR of the immune system generates a great release of eHSP70. In turn, eHSP70 has the capacity to activate phagocytic cells and modulate the immune response by interacting with several cell surface receptors, including those involved in phagocytosis. This two-way network promotes tissue repair by promoting the phagocytosis of cellular debris or damaged tissue, representing the positive aspects of increased eHSP70 levels and OS (Bianchi 2007; Calderwood et al. 2016; De Maio 2014; Franco et al. 2016) .
The increase in circulating eHSP70 levels before challenges has a beneficial effect by improving animal survival (Tsai et al. 2015) . Because eHSP70 has bivalent effects, either anti-or proinflammatory depending on the milieu and the receptors present on the surface of immune cells that encounter them (Calderwood et al. 2016) , the release of eHSP70 is a key factor that triggers the immune response, and identifying the underlying mechanisms could contribute to developing strategies to prevent detrimental health effects. However, the pro-oxidant status may induce structural changes in eHSP70 that could lead to functional impairment of eHSP70 in the bloodstream (Grunwald et al. 2014) . Thus, the combination of high levels of eHSP70 and a prooxidant status in plasma, as observed in our study, may represent a pathological biomarker (Gelain et al. 2011) and dysfunction between eHSP70 and the immune system. It is well established that lymphocytes are able to release a greater amount of eHSP70 under stress conditions than macrophages (Heck et al. 2011 (Heck et al. , 2017 Hunter-Lavin et al. 2004 ). In our study, exposure to ROFA did not modify the iHSP70 content in the mesenteric lymph nodes, thymus, or spleen, all of which are tissues that could potentially be affected by systemic OS. Thus, we postulate that the high plasma eHSP72 content observed in Values are presented as mean ± SD. Total leukocytes, lymphocytes, neutrophils, monocytes, and band neutrophils (n = 9-12 rats per group). Mann-Whitney test (to compare band neutrophils) and Student's t test (to compare all other variables) were applied animals exposed to ROFA was not derived from lymphoid tissues. Despite this, the levels of eHSP72 in the circulation, and importantly the increase in H index, indicate an unfavorable condition. The increased plasma/tissue HSP70 ratio may signal that a particular organ is at risk. Thus, the increased plasma/ thymus HSP70 ratio (H index of 1.45) represents a subclinical pro-inflammatory state, as quantification of total and differential leukocytes (considered clinical parameters) were not altered. Although cells may release iHSP70 after cell disruption, eHSP70 is mainly exported through a specialized non-canonical secretory mechanism via exosomes and lipid rafts (Asea 2007; Heck et al. 2017) . Once secreted, eHSP70 works by binding to toll-like receptors on a variety of cells, thereby leading to the activation of pro-inflammatory pathways. Also, lung epithelial cells of the respiratory tract are able to increase both iHSP70 expression and eHSP70 release, whereas the last represents an important endogenous danger signal to activate the host innate immune response, a process mediated by induced cytokine gene expression in neutrophils dependent upon activation of both TLR-4 and NF-κB (Wheeler et al. 2009 ). In this way, eHSP70 may act as an effector molecule downstream of TLR4 signaling involved in the regulation pollution-induced lung inflammation (Bauer et al. 2011) . Remarkably, the H index is directly correlated with the ratio of pro/anti-inflammatory cytokines, which, in turn, are positively associated with a pro-inflammatory state (Heck et al. 2017; Ye et al. 2014) . Our results support the hypothesis that high eHSP70 content and extracellular-to-intracellular HSP70 ratio (H index) represent a warning signal and oxidative biomarker under environmental challenges. These measures can be used as subclinical biomarkers of the effects of exposure to environmental pollutants. As a perspective, we recommended future studies that investigate two major issues regarding stress response against air pollutant challenge: the intracellular location of iHSP70 in lymphoid issues and the source of eHSP70 that is found as a signaling molecule in the bloodstream.
